Abstract: A life cycle assessment (LCA) and an energy balance analysis of marine 18 microalgal biomass production were conducted to determine the environmental impacts 19 and the critical points of production for large scale planning. The artificial lighting and 20 temperature conditions of an indoor bubble column photobioreactor (bcPBR) were 21 compared to the natural conditions of an equivalent outdoor system. Marine microalgae,
22
belonging to the dinoflagellate and raphidophyte groups, were cultured and the results
23
were compared with published LCA data obtained from green microalgae (commonly 24 freshwater algae). Among the species tested, Alexandrium minutum was chosen as the 25 target marine microalgae for biomass production under outdoor conditions, although 26 there were no substantial differences between any of the marine microalgae studied.
27
Under indoor culture conditions, the total energy input for A. minutum was 923 MJ kg -1
28
vs. 139 MJ kg -1 for outdoor conditions. Therefore, a greater than 85% reduction in 29 energy requirements was achieved using natural environmental conditions,
30
demonstrating the feasibility of outdoor culture as an alternative method of bioenergy 31 production from marine microalgae. The growth stage was identified as the principal 32 source of energy consumption for all microalgae tested, due to the electricity 33 requirements of the equipment, followed by the construction material of the bcPBR.
INTRODUCTION

42
The next decade will be crucial in solving many of the environmental issues of our 43 planet, especially those regarding the increase in greenhouse gases (GHG), water 44 shortages, and the depletion of fossil fuels. Issues related to CO 2 emissions and fossil because they can be isolated readily from local seawater spots around the world [14] . pilot scale, pending industrial scaling to demonstrate the production feasibility [7, 8] .
119
In this study, an enclosed system was chosen to achieve high marine microalgae 120 biomass production because it allows the control of abiotic parameters and its biomass 
187
To obtain dry biomass, the samples were centrifuged at 471 rad s -1 for 420 s in a Sigma from the ecoinvent database as well [29] .
225
The water and air needed for the experiment were supplied by general pumps located in 
234
The total volume of the chamber used is greater than the volume required for this 235 experiment; therefore, the total energy consumption of the chamber (28. 
250
 The useful life of the bcPBR was estimated to be 10 years, and its total weight 251 80 kg. 
RESULTS
282
The following sections describe the energy balances obtained for indoor and outdoor 
Energy results
287 Table 3 lists the total energy consumption by each species of marine microalgae for 288 both production systems and the output of bioenergy production from microalgae based on the inventory and the assumptions described in section 2. grown in the same production system. In the case of outdoor production, energy 306 consumption differences were less than 7.5% and for indoor production the energy 307 demands differed by less than 6.0%. This means that for each type of microalgae and 308 for both systems, biomass production was robust, and in future experiments and 309 applications any microalgal species could be used. The analysis of life cycle stages of both types of production and species indicated that 312 the largest contributors to the energy demand were the microalgal growth and the 313 construction of the bcPBR stages.
In the indoor system, the growing life stage required high energy demands for light and 315 temperature maintenance, which need to be artificially provided and controlled to 316 maintain constant environmental conditions for growth (values highlighted in gray in 317   Table 3 ) and using more than 85% of the electricity consumption of the entire system.
318
The elimination of these operations reduces the overall electricity consumption by 90%,
319
as observed in the outdoor system, in which temperature and light were provided 320 naturally, with no need for additional electricity input. However, the outdoor system air Other stages including dewatering, water consumption or L1 culture production to 334 promote microalgal growth involve lower energy consumption in both systems; 335 however, they should be considered in further research. 
Environmental results
337
The environmental impacts of bioenergy production per functional unit were determined 338 for ten impact categories. The total environmental impact by production system and by type of marine microalgae, particularly compared with the global warming category, is 340 presented followed by an evaluation of the relative contributions of the life cycle stage. 
Total environmental impacts
342
For all impact categories and microalgal species, outdoor systems had lower 343 environmental impacts (see Table 4 ). Specifically, A. minutum outdoor production had 344 the lowest environmental impact in all categories (marked in black in Table 4 ). By As was the case for the indoor production of A. minutum, the outdoor production of H. 
The electricity consumption yielded results of 71% (AD) and 95% (ODP-TE) in all 389
environmental impacts where the growth stage accounted for 65% (AD) and 87%
390
(ODP-TE) and the centrifuge represented approximately 7% of impacts in all categories.
391
As for the indoor system, these impacts are due to the energy mix considered. The 392 production of the bcPBR constitutes the second stage with higher impacts, and as in the 393 indoor production, the consumption of fossil fuels implies that in AD, AC, E, GWP and 394 PO, the contribution was between 14% and 24% indicating again that the reactor 395 material substitution could involve great environmental improvements.
396
The lowest environmental impacts in all of the categories were during the stage of 397 filling which depends on electricity for pumping, water and nutrients consumption. The production of microalgae in an outdoor rather than an indoor system results in a 419 slight decrease in biomass production; nevertheless, it involves a significant decrease in 420 the total energy consumption, thus outdoor systems are presented as a preferable option.
421
This study was conducted on experimental data from a pilot plant and a key aspect was 422 that the equipment used was not specifically designed for the experiment. However, this would depend on the prevailing weather conditions in a particular locality [31] . Under
430
Mediterranean climate conditions, our outdoor production system yielded similar or 431 superior results as obtained for green algae in others studies based on the same 432 geographical area [32, [33] , and the differences between the marine microalgal species 433 studied in this study were so small that the production of any of them would be possible.
434
In recent years, many LCA and energy balance studies on the microalgae production for 
477
The use of a culture medium to promote microalgal growth is the life cycle stage with 478 the lowest energy consumption, which contrasts with results found in a previous study
479
[37] and with terrestrial crops for biofuel purposes, in which energy consumption 480 related to crop fertilization and to production could be the highest in the entire cycle.
481
Fertilizer manufacture itself amounts to 46% in the establishment of the crop and 32% Finally, there is a need to standardize data quality for the inventory used, especially for 493 the purpose of comparing studies. Our study used experimental data, whereas in most 494 cases, the data were obtained from a bibliographic inventory or were extrapolated from 495 industrial processes used for other modes of generic biofuel production. In this sense,
496
the energy balances obtained may not be consistent.
497
CONCLUSIONS
498
In Mediterranean outdoor conditions, marine microalgae production for biodiesel is a 499 good option and a feasible route to obtain bioenergy. We recommend that production 500 and research under indoor conditions be rejected based on the energy results obtained.
501
However, for outdoor systems, efforts should be made to decrease energy consumption.
502
As revealed herein, the highest energy consumption occurs during the growing stage 503 due to the mechanical requirements of the pumps and the need for air injection. Thus,
504
for industrial scale improvements, more efficient equipment is needed. In the same 505 manner, more energy-conserving bcPBR material or its eco-design could significantly 506 reduce energy consumption. Any of the three microalgae analyzed can be cultivated and 507 exploited on a large scale as there were no substantial differences in biomass production 508 between them. In addition, the use of any of these marine microalgae leaves freshwater 509 for other human uses and thus helps to overcome the critical issue of freshwater 510 consumption in the production of microalgae. This would improve the feasibility of bioenergy in terms of its large scale production and the scarcity of freshwater in the
512
Mediterranean area.
513
Other experiments should be conducted to assess productivities in Mediterranean
514
climates for spring-summer periods to evaluate whether higher productivities are 515 achieved and less energy is needed. Besides biodiesel production, additional research is 516 needed to identify the coproducts for bioenergy and other purposes. 
